The development of foot-and-mouth disease virus (FMDV) detection methods is crucial for animal food security, tackling regional FMDV epidemic, and global FMDV prognostic control. For these purposes, a fast and sensitive analysis method is required. In this study, we developed a microchip-based ELISA (enzyme-linked immunosorbent assay), micro-ELISA, to realize FMDV detection. Nickel(II) chelating chemistry was utilized to immobilize recombinant protein (antigen) on polystyrene micro-beads in order to determine FMDV antibodies in cattle serum samples. In addition, reaction protocol and conditions were investigated. As a result, the FMDV detection was successfully demonstrated with only a 10-μL sample volume in 25-minute assay time. Analytical sensitivity was evaluated by a maximum nominal positiveness percentage value (NPPV) of 303 and a dilution factor of 32×. The method's inter-run and intra-run CV (coefficients of variance) values were 15.5 and 17.1%, respectively, which were fully compatible with the OIE (World Organization for Animal Health) principle of validation of diagnosis assays for infectious diseases. The developed method should become a powerful tool for determining other animal contagious diseases and/or zoonosis.
Introduction
Foot-and-mouth disease (FMD) is the most contagious mammal disease caused by foot-and-mouth disease virus (FMDV) in all susceptible cloven-hoofed animals.
1 FMD can result in severe food security problems and great economic loss, as evidenced by the FMD outbreak in February 2001, which resulted in the killing of more than 6.5 million animals 2 and an estimated 5.8 to 6.3 billion loss to the UK economy. 3 Another FMD outbreak in April 2010 resulted in the slaughtering of nearly 290000 cattle and swine 4 and an approximate ¥90 billion loss to the Japanese economy. In spite of these serious problems, taking measures to control FMD outbreaks is usually difficult because the FMD pathogen is acutely infectious and quickly spreadable. Currently, global epidemic FMD cases are even frequently reported by the OIE (World Organization for Animal Health) immediate notification network and ISID (International Society for Infectious Diseases) mail archiving service. Therefore, there is strong demand for the development of a fast and sensitive diagnosis method. In addition, FMD cannot be clinically differentiated on farms from other vesicular diseases, such as swine vesicular disease, vesicular stomatitis, and vesicular exanthema, thus, on-site analysis is another important characteristic of the analytical method required for reliable FMDV diagnosis. 5 Serological tests are FMDV lab diagnosis techniques recommended by the OIE to confirm suspected cases of FMD. In particular, enzyme-linked immunosorbent assay (ELISA) is the most important method. [6] [7] [8] [9] [10] However, conventional ELISA tests for FMDV diagnosis are performed on micro-titer plates in a well-controlled laboratory environment, and its tedious assay steps and limited field adaptability are not suitable for individual FMDV characterization.
A microfluidic system, which was originated from the concept of miniaturized total analysis systems (μTAS), 11, 12 is a promising tool to overcome the problems. Our group developed a microchip-based ELISA: micro-ELISA. 13, 14 By introducing micro-beads with immobilized antibodies into a microchannel, very sensitive and fast ELISA was demonstrated. For the detection, thermal lens microscopy (TLM) was used, [15] [16] [17] which allowed for very sensitive detection based on enzymatically colorimetric reactions. In a previous paper, a swine FMDV detection method was reported by using the micro-ELISA. 18 In order to investigate the method's species (cattle, swine) adaptability and diagnosis sensitivity, further work on cattle serums is indispensable to show the wide applicability for FMD determination.
In this study, we introduce the micro-ELISA method to determine FMDV by characterizing 3ABC FMDV antibodies in cattle sera samples. Firstly, 6-His tagged recombinant proteins were immobilized on polystyrene micro-beads with a nickel(II) chelating chemistry to capture 3ABC FMDV antibodies in cattle serum. In addition, a FMDV standard control panel from International Atomic Energy Agency (IAEA) was tested to validate the method. FMDV dilutional positiveness (positiveness percentage values with different dilutions) characterization and serotype profiling were demonstrated successfully. The assay was finished within 25 min with only a 10-μL serum sample. In comparison with the conventional ELISA, the assay time was 10 times faster, and the sample volume was 5 times smaller. Furthermore, the method's inter-run and intra-run CV (coefficients of variance) values were 15.5 and 17.1%, respectively, which were fully compatible with the OIE principle of validation of diagnosis assays for infectious diseases. Therefore, the superior performance of micro-ELISA was verified for cattle FMD diagnosis, suggesting that micro-ELISA can be widely applied to the field screening of other animal contagious diseases and/or zoonosis.
Experimental

Expression and purification of recombinant 3ABC proteins
Based on previously published papers, 7,8 the complete 3ABC coding region of FMDV O/China/99 was inserted into a pTriEx-4 Neo plasmid using Bgl II and Sal I restriction sites. The recombinant plasmids were then transformed into E. coli Rosetta (DE3) pLacI host, and protein expression was induced with 1 mM IPTG (isopropylthio-β-galactoside). Stimulation of the expression of fusion 3ABC protein was carried out according to the pTriEx TM (Novagen, USA) system manual. The recombinant protein with an N-terminal 6 His-tag and S-tag was purified using the following procedure. The concentrated cell pellets with inclusion body were first dissolved in a pH 7.8 aqueous solution containing 6 M guanidinium hydrochloride, 20 mM sodium phosphate, and 500 mM NaCl. The supernatant containing the solubilized protein was collected by subsequent metal affinity chromatographic binding to ProBond TM (Invitrogen, USA) Ni-NTA His binding resin. Three consecutive Slide-A-Lyzer ® (Thermo Scientific, USA) dialysis using 10 mM Tris (pH 8.0) and 0.1% Triton X-100 were performed overnight at 4 C, followed by further purification to remove small impurities in the protein with Vivaspin ® (Sartorius, Germany) using a membrane of cutoff molecular weight value of 10000. The purified/concentrated recombinant 3ABC proteins of approximately 1 mg/mL after analysis with SDS-PAGE were stored at -70 C in small aliquots for use as the coating antigen for final micro-beads immobilization and subsequent immunoassay.
Immobilization of proteins on micro-beads
Nickel(II) chelating chemistry was used to immobilize the recombinant 6-His-tagged proteins on polystyrene micro-beads as shown in Fig. 1 . Firstly, 0.17 ml of micro-beads suspension was collected, and the micro-beads were pelleted via centrifugation for 10 min at 800g. The micro-beads were resuspended in 0.4 mL buffer consisting of 50 mM MES, pH 5.2 and 0.05% Proclin ® 300 (Sigma, USA). Then, 20 μl of the 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC) was added, and the suspension was mixed gently for 15 min at room temperature. Secondly, 0.4 mL of coupling buffer was added to wash out extra EDAC followed by 0.1 mL of 6-amino-2-[bis(carboxymethyl)amino] hexanoic acid (ABHA). The suspension was incubated overnight at room temperature, and the micro-beads were washed with a solution containing 0.05% Tween, 50 mM Tris-HCl (pH 7.5), 500 mM imidazole, and 100 mM EDTA. Then, we incubated the micro-beads with 10 mM NiSO4 for 20 min at room temperature and washed the pellet with 0.05% Tween and 50 mM Tris-HCl (pH 7.5). Lastly, we added 100 μg 6-His tagged proteins to incubate with the prepared micro-beads for 30 -60 min at room temperature under a gentle mixing condition, and the solution was centrifuged for 10 min at 800g. Finally, the precipitate was washed with 50 mM Tris-HCl (pH 7.5) and 0.05% Tween, and the prepared Fig. 1 Immobilization of micro-beads with 6-His tagged recombinant protein using nickel(II) chelating chemistry. The 6-amino-2-(bis(carboxymethyl)amino) hexanoic acid (ABHA) has a structural terminal primary amine moiety to condensate with the surface carboxyl group of carboxylated polystyrene micro-beads when activated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC), and ABHA quadridentate occupies four coordination positions of nickel(II), leaving two positions available for conjugation with 6-His-tagged recombinant protein as micro-beads coating antigen to capture 3ABC FMDV antibodies in sera samples for subsequent analysis.
micro-beads were suspended in 0.5 ml PBS containing 0.05% Tween.
Micro-ELISA system and the protocol
Micro-ELISA experiments using the prepared polystyrene micro-beads for cattle FMDV antibody determination was performed automatically with a micro-ELISA system. The protocol is briefly explained as follows. The micro-channel and the nozzle of the injector with the PEEK tubing were firstly rinsed with 350 μL carrier solution of pH 7.4 PBS with 1% BSA and 0.05% Tween. Then, 8 μL micro-beads suspension (45 μm diameter polystyrene beads) was introduced into the microchip, followed by washing with 52 μL carrier solution. A 10-μL sample serum was introduced to the microchannel at a speed of 1.0 μL/min, and immunoreactions with 6-His-tagged protein was performed. The residual sample serum in the microchip was flushed out by several post-wash steps using carrier solution. A 10-μL horseradish peroxidase (HRP) labeled rabbit anti-bovine antibody of 0.1 μg/mL was introduced at a speed of 5 μL/min. Finally, 2 μL Sureblue ® TMB (KPL, USA) solution working as a substrate was introduced into the microchannel at a speed of 10 μL/min, and the reaction was performed for 3 min under stopped-flow conditions. The concentration of the colored products from the enzymatic reactions was determined with a thermal lens device. The micro-beads were washed out after the detection to perform repeated experiments.
The microchannel was 400 μm wide and 200 μm deep, and a dam structure with 20 μm slit was fabricated to trap the micro-beads (Fig. 2) .
Results and Discussion
FMDV detection with a micro-ELISA system
The signals for positive, negative and blank samples were successfully obtained in 25 min assay time using micro-ELISA as shown in Fig. 3 . The difference of signal intensity between the positive and the negative samples was clearly observed. The nominal positiveness percentage values (NPPV), 18 which is the signal intensity percentage ratio of positive to negative samples corrected with blank samples, could reach a mean value beyond 300. In addition, the intra-run (detect each sample quadruplicate five times, 20 runs in total) and inter-run (one sample was detected by 20 runs consecutively) reproducibility were both tested to be 15.5 and 17.1%, respectively, which were fully compatible with the OIE principle of validation of diagnosis assays for infectious diseases.
FMDV positiveness characterization
In most cases where the cut-off value was practically unavailable, positiveness characterization using official FMDV standard controls was a convenient way to relatively estimate the analytical sensitivity and validate the method. The IAEA Animal Production and Health Section produced cattle standard control serums against FMDV, and the serums were sampled from cattle infected with respective FMDV serotype more than 28 days before the sampling. The control serums were measured by commercial ELISA kits to assure FMDV positiveness.
Then, IAEA type O positive standard proportionally diluted in type O negative cattle serum with factors of 1×, 2×, 4×, 8×, 32×, 64×, and 128× were tested by the micro-ELISA system, and NPPVs were plotted against the dilution factors as shown in Fig. 4 . The nominal positiveness percentage values decreased gradually with increasing dilution factors. In addition, the micro-ELISA method demonstrated good relative analytical sensitivity and good dilution tolerance for the detection of FMDV, as evidenced by NPPV maximum of 303 at a dilution factor of 1× and 1.25 at a dilution factor of 32×, where the signal intensity of FMDV type O positive control could still be discriminated from that of FMDV type O negative serum. This result verifies the applicability of the developed method for field FMDV screening practices.
FMDV serotype profiling
An IAEA standard panel of cattle serums against six serotypes of foot and mouth disease viruses (FMDV), namely type O, A, ASIA1, SAT1, SAT2 and SAT3, were tested against FMDV negative serum from naive cattle as shown in Fig. 5 . Micro-ELISA signals were observed for all six serotypes of FMDV and FMDV negative samples.
The micro-ELISA method developed could successfully determine all six FMDV serotypes, and serotype profiling was fulfilled based on the comparison of signal intensity of respective positive FMDV control serum to that of FMDV negative serum. The signal intensity, which could be used as an indicator of analytical detection sensitivity, was in the descending order of FMDV type O > ASIA 1 > SAT 2 > type A > SAT 3 > SAT 1.
Serotype profiling with an IAEA standard panel of cattle sera against six serotypes of FMDV confirms the broad antigenicity of the recombinant protein and the wide adaptability of micro-ELISA for non-serotype-specific FMDV determination. The difference in the signal intensity of positive FMDV control sera of different serotypes against that of FMDV negative serum might be a result of both the non-structural protein mass discrepancies, and conformational fit variance between 3ABC FMDV NSP antibody and expressed antigen.
Conclusions
We have successfully developed and validated a novel cattle FMDV determining method using an IAEA standard sera panel with a micro-ELISA method. FMDV nominal positiveness percentage value, analytical sensitivity, assay reproducibility, and serotype profiling were all characterized to show the method's robustness, reliability, and adaptability. The micro-ELISA scheme obviously showed advantages over conventional ELISA using micro-titer plates. 
